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INTRODUCTION
Green fluorescent protein (GFP) and GFP-like proteins are commonly used in scientific research.(1-6) Their utility as genetic tracer molecules, as highlighters in high resolution microscopy, and as a critical component in many modern biotechnological methods has led to an increased effort to understand their photochemistry, and to find and design new GFPlike proteins. Over 150 distinct GFP-like proteins are currently known. GFP-like fluorescent proteins (FPs) have been found in marine organisms ranging from chordates (e.g. amphioxus) to cnidarians (e.g. corals and sea pansies). (7) Enhanced GFP is still the most commonly used fluorescent protein, despite the fact that it has some major shortcomings such as its slow attainment of fluorescence, especially at 37°C. Second generation fluorescent proteins, such as Vivid Verde (from the Cyphastrea microphthalma coral) (8) and TurboGFP (from the Pontellina plumata copepoda)(9) overcome these problems.
In Aequorea victoria GFP (avGFP), the chromophore is formed by an autocatalytic internal cyclization of the tripeptide 65SYG67 fragment and subsequent oxidation of the intrinsically formed structure, see Figure 1 . GFP fluorescence is not observed until 90 minutes to 4 hours after protein synthesis. (10, 11) The protein folds quickly and GFP refolding from an acid-, base-, or guanidine HCl-denatured state (chromophore containing but non-fluorescent) occurs with a half-life of between 24 seconds(12) and 5 minutes (13) and the recovered fluorescence is indistinguishable from that of native GFP. (14) The folding of GFP exhibits hysteresis that is due to the decreased flexibility of the chromophore vs. its immature analog. (15) The chromophore formation and oxidation is slow, (16) and it is the kinetics of this step that are presumably improved in fast maturing GFP-like proteins.
The two most probable mechanisms (17) for chromophore formation are a cyclizationoxidation-dehydration mechanism proposed by Wachter (18) and the cyclizationdehydration-oxidation mechanism proposed by Getzoff (19) , see Figure 1 .
The GFP-maturation kinetics have been separated into pre-oxidation, oxidation and postoxidation events. (20) The preoxidation step, which includes folding and protein backbone condensation, and is thought to lead to intermediate 2 ( Figure 1) is the fastest. The following oxidation steps that lead to intermediate 3 ( Figure 1 ) are the slowest. (20) Although the final post-oxidation steps are slow and contribute to rate retardation, they are not the rate limiting steps. Numerous roles have been proposed for water molecules in the postcyclization steps, see Figure 2 .
To determine whether the pore in TurboGFP increases water diffusion in and out of the β-barrel, and whether the water molecules might be involved in the chromophore formation we have undertaken 50ns molecular dynamics simulations of avGFP, TurboGFP and the V197L TurboGFP mutant, as well as the immature (precyclized) forms of avGFP and TurboGFP.
MATERIALS AND METHODS
Structural comparisons of the 566 GFP-like chains (23) were done using the protein-ligand database Relibase+ v3.01 (24, 25) . The coordinates of the Aequorea victoria GFP crystal structure (1gfl) (26) and Pontellina plumata TurboGFP (2g6x) (9) were obtained from the Protein Data Bank (PDB) (27) . The protein preparation workflow and Epik v2.0109(28) were used with hydrogen-bond optimization to add hydrogen atoms to protein and solvent atoms as required. The OPLS_2005 force field of MacroModel v9.8107(29) was used.
The starting structure for the immature form of avGFP and TurboGFP, for which no crystal structure has been determined, were calculated by graphically mutating the Aequorea victoria GFP (1gfl) (26) and Pontellina plumata TurboGFP (2g6x)(9) crystal structures so that the chromophore forming tripeptide sequences were in the original precyclized form and undertaking a conformational search. Conformational searches were conducted using the combined Monte Carlo torsional variation and low mode method. (30, 31) The flexible dihedral angles of all the side-chains of residues 64, 65, 66, 67 and 68 (1GFL numbering) were randomly rotated by between 0 and 180° and all solvent molecules in an 8.00 Å sphere from residues 64-68 were randomly rotated and translated by between 0 and 1.00Å in each Monte Carlo (MC) step.(32) 15,000 MC steps were taken in each search. Structures within 50kJ/mol of the lowest energy minimum were kept, and a usage directed method(31) was used to select structures for subsequent MC steps. Structures found in the conformational search were considered unique if the least squared superimposition of equivalent nonhydrogen atoms found one or more pairs separated by 0.25Å or more. The lowest energy structure obtained in the search was further subjected to a 5,000 step large scale low mode conformational search.(33,34) TurboGFP (2g6x) was graphically mutated to get the V197L mutant and conformational searches as described above were used to find low energy conformations.
The final structures obtained from the fully minimized pdb structures and the conformational searches were used to initiate molecular dynamics (MD). MD simulations were carried out in the NPT ensemble at 300K and 1 bar with 1.5fs steps using Desmond (35) . All molecular dynamics calculations used the OPLS_2005 force field and SHAKE constrained hydrogens. Ten thousand four hundred and eighteen structures were sampled in each 50ns MD simulation. Each structure was in an orthorhombic simulation box of 0.15M NaCl and SPC waters, with a 10Å solvent buffer between the protein surface and the boundary. Minimizations and pre-equilibrium simulations were done using the default Desmond/multisim relaxation protocol.
Fifty nanosecond simulations of avGFP, TurboGFP and the V197L TurboGFP mutant were conducted with the chromophoric Tyr66 in both the neutral and anionic forms. The immature precyclized forms of avGFP and TurboGFP were only simulated with neutral forms of the chromophoric Tyr66, see Figure 3 .
RESULTS AND DISCUSSION
Initially it was thought that one of the functions of the 11-sheet β-barrel structure in fluorescent proteins was to protect the chromophore from its environment, especially from oxygen, which would quench its fluorescence.(36) Recent crystal structures have shown that this does not seem to be the case, as some mutants like YFP have significant holes in the β-barrel resulting in apparent solvent channels from the chromophore to the bulk solvent. Since water molecules may be involved in chromophore formation, proton chains from the chromophore to the surface (37, 38) and excited state proton transfer (39) we have examined the pores and the water diffusion in and out of avGFP and TurboGFP.
Based on the crystal structure of TurboGFP it was proposed that a water filled pore leading from the outside to the chromophore may facilitate water and/or oxygen diffusion to the chromophore, thereby speeding up its formation. (9) The pore is lined by residues 136, 137, 156, 197 and 198. In order to confirm that the pore was responsible for the fast chromophore maturation a V197L mutant was created as the increased steric bulk of the leucine would presumably limit the size of the pore. As expected the V197L mutation had markedly slower maturation kinetics, it presumably constricts the pore size.
MolAxis (40, 41) was used to determine the channels that connect the chromophore residues to the outside in wild type Aequorea victoria GFP (avGFP − chain A in pdb code = 1GFL), TurboGFP and the V197L TurboGFP mutant. Since there is no crystal structure of the V197L mutant available the structure of TurboGFP (pdb code = 2G6X) was graphically mutated to the V197L mutant and a conformational search was undertaken to find the lowest energy structure, which was used in the MolAxis calculations. Figure 4 shows the highest ranked channel for each of the structures, these are the shortest and widest channels. The lower the channel number the higher flux score (shorter and wider). The highest ranked channel for both avGFP and the V197L TurboGFP mutant is a long channel with a constrained bottleneck (0.79 and 1.00Å respectively) that leads from the lids to the chromophore. In TurboGFP the channel with the highest flux score is much shorter and wider, it has a bottleneck radius of 1.23Å and it passes between the beta sheets. The highest ranked channel that passes through the beta sheets in the V197L mutant is channel 5, it has a bottleneck radius of 0.77 Å. In wild type avGFP the highest ranked channel that passes through the beta sheets (Channel 2) has a bottleneck radius of 0.34 Å, see Figure 4 .
Both oxygen and water molecules have been implicated in the chromophore formation of GFP-like proteins (17, 22, 42) . We have therefore computationally generated immature precyclized forms of avGFP and TurboGFP from their mature crystallized forms and subjected them to comprehensive conformational searches. Immature avGFP has a narrow major channel with a bottleneck radius of 0.35 Å, while the precyclized form of TurboGFP's major channel is larger and it goes through the top of the crystal structure and its bottleneck radius is 1.03 Å.
To confirm and further expand on the MolAxis pore analysis a series of fifty nanosecond simulations were undertaken to examine water diffusion in and out of the β-barrel of avGFP and TurboGFP with the chromophore in both its anionic and neutral states, see Figure 3 . Identical simulations were undertaken with the V197L mutant of TurboGFP, this mutation was designed to narrow the pore that connects the chromophore cavity to the protein exterior. (9) The mutation significantly slowed the chromophore formation. It has been suggested that the narrower pore restricts oxygen access to the immature chromophore, or impedes the waters that may be involved in proton abstraction from the Y66 Cα atom. (9) Finally two 50ns simulations of avGFP and TurboGFP in their neutral precyclized immature forms were also undertaken. Table 1 summarizes our findings. As expected more water molecules diffuse in and out of TurboGFP than avGFP. Furthermore the V197L mutation in TurboGFP reduces water diffusion. The FPs with anionic (phenolate) chromophores are more permeable than their neutral counterparts in all the simulations. The autocatalytic cyclization and chromophore formation forms a tighter β-barrel and all simulations of the immature forms have more waters diffusing in and out of the barrel than the mature forms. This can be explained by the fact that the mature fully cyclized FPs are more compact and sterically constrained than the immature uncyclized versions and therefore less porous to water molecules.
All FPs fold into an 11 sheet β-barrel that has the chromophore containing alpha helix running through it. The barrels have two lids, and both the N and C termini compromise part of the same lid. The residues in the lid that contain the N and C termini are much less conserved than those in the lid on the other side (23) . In avGFP the waters all enter and leave the β-barrel through a bifurcated pore located on the edge of the more conserved lid, while in TurboGFP most of the flux occurs through the pore adjacent to the chromophore as shown in Figure 4 and first described by Evdokimov et al (9) . A small number of molecules enter and exit TurboGFP through temporary pores formed on the edges of the less conserved lids, see Figure 5 . The β-barrel of the uncyclized forms of avGFP and TurboGFP are less rigid and temporary pores are formed on the edges of both lids. Figure 6 shows the path taken by one of the waters escaping from anionic TurboGFP, it diffuse through the pore presumed responsible for the increased maturation rate.(9) Ninety two percent of waters diffuse in and out of this pore in the anionic form of TurboGFP. Analysis of the individual structures collected shows that the pore in TurboGFP is larger than the equivalent pore in avGFP at every stage of the simulation.
Due to the rigid nature of the FP β-barrel most FP crystal structures have numerous wellordered water molecules, which are well-defined in the FP crystal structures. Intricate hydrogen-bonding networks involving these structural waters possibly have a role in the excited state proton transfer suggested by Agmon.(38) One of these waters is located within hydrogen-bonding distance from Glu222 and in van der Waals contact to the Cα of Tyr66, it is proposed to play a role in chromophore formation, see Figure 2 .(17,21) Our simulations have shown that the waters hydrogen bonded to Glu222 in avGFP (and Glu210 in TurboGFP) form strong, stable interactions with the glutamic acid residue. They are one of a few waters that remain in the same position throughout the simulation -in all structures examined. Figure 7 shows the relative positions of the well-structured waters in the crystal structures of all the GFP-like proteins in the protein databank as compared with their counterparts in the molecular dynamics simulations.
The fact that these waters are found located between the conserved and catalytically important Arg96 and Glu222 residues and the chromophore in both the crystal structures of fluorescent proteins (17) and all our simulations indicates that they are very important and play an active role in chromophore formation.
Examination of the simulations of the precyclized forms of the fluorescent proteins reveal a water molecule that is within hydrogen bonding distance of the amide nitrogens of residues 66 and 67 (avGFP numbering) and the Glu222 sidechain throughout the simulations.
CONCLUSION
From the very first crystal structures of avGFP it was noticed that the β-barrel contained a cavity above the chromophore (44, 45) . Since then it has been found that the cavity is conserved in all GFP-like proteins and that it contains well-structured water molecules that can be located in most crystal structures. These waters are located between the chromophore and the catalytically active and conserved Arg96 and Glu222 residues. In all our simulations we find that there are waters molecules located in similar positions, they are within hydrogen bonding distance to the Arg96 and Glu222 residues and parts of the chromophore involved in chromophore formation, see Figure 7 . Our simulations provide further evidence for the probable role of the structurally conserved water molecules in chromophore formation.
Our simulations show that water diffusion into the β-barrel decreases once the chromophore cyclization has occurred. The more compact mature chromophore allows for a tighter β-barrel than the relaxed precyclized form. This suggests that the β-barrel in GFP-like proteins may have evolved to be porous during chromophore formation, thereby permitting catalytically important water and oxygen molecules to enter, and to be more impermeable following chromophore formation, in this manner protecting the chromophore from quenching. The increased diffusion in and out of the precyclized β-barrels occurs through pores formed between strands 7 and 10, as well as 7 and 8, the very same strands that exhibit increased flexibility in NMR studies. (46, 47) This tensing of the β-barrel upon chromophore formation could be the cause for the hysteretic folding behavior observed by Jennings et al. (15, 47, 48) The phenolate form of avGFP is more permeable than the neutral phenol form. The enhanced water diffusion in the anionic form is a result of the main pore being more flexible thereby facilitating water movement in and out of the cavity.
TurboGFP is a second generation fluorescent protein with significantly improved chromophore maturation kinetics. Based on the crystal structure of TurboGFP it was proposed that a water filled pore leading from the outside to the chromophore may facilitate water and/or oxygen diffusion to the chromophore, thereby speeding up its formation. (9) Our simulations show that TurboGFP is indeed significantly more permeable to water molecules than GFP, and that most of the water molecules enter through the primary pore located adjacent to the chromophore. The 11-sheet β-barrel plays a determining role in the maturation rate by controlling the number of water molecules diffusing into the can. Due to TurboGFP's unique shorter and wider water-exchanging pore structure, which passes between its β-sheets, more water molecules diffuse into the β-barrel compared to avGFPthis leads to its much more rapid maturation. The V197L mutation in TurboGFP had markedly slower maturation kinetics, it presumably constricts the pore size. This was confirmed by our simulations, which show that the mutation significantly reduces water diffusion in and out of the β-barrel.
Highlights

Simulations confirm
• decreased water diffusion upon chromophore formation.
• increased water diffusion due to the pore formation, therefore fast chromophore maturation.
• possible role of the structurally conserved water molecules in chromophore formation. The cyclization-oxidation-dehydration mechanism proposed by Wachter(18) (right) and the cyclization-dehydration-oxidation mechanism proposed by Getzoff(19) (left). Possible roles played by the structurally conserved waters in the chromophore formation (1, 21) . The cyclization-oxidation-dehydration mechanism proposed by Wachter (18, 22) (top and bottom left) and the cyclization-dehydration-oxidation mechanism proposed by Getzoff(19) (bottom right). Residues surrounding bifurcated pore in avGFP are indicated by red CPK spheres (left). The residues surrounding the pore purportedly responsible for TurboGFP's rapid chromophore formation are shown as red CPK spheres (right). The chromophore, tube representation, is visible through the pore. The pores surrounded by the residues colored blue and yellow are located on the lid-edges and are less permanent. 700 snapshots taken during the 3.6ns it takes one of the water molecules (red oxygen and white hydrogen) to exit through the primary pore of the TurboGFP β-barrel. Water positions were superimposed on the average TurboGFP structure using VMD. (43) Left: An Isostar overlay plot of all the crystal structures of GFP and GFP-like proteins with fully cyclized chromophores found with Relibase+ in the Protein Databank. The
